The plant genome encodes a wide range of receptor-like proteins but the function of most of these proteins is unknown. We propose the use of affi nity cross-linking of biotinylated ligands for a ligand-based survey of the corresponding receptor molecules. Biotinylated ligands not only enable the analysis of receptor-ligand interactions without the use of radioactive compounds but also the isolation and identifi cation of receptor molecules by a simple affi nity trapping method. We successfully applied this method for the characterization, isolation and identifi cation of the chitin elicitor binding protein (CEBiP). A biocytin hydrazide conjugate of N -acetylchitooctaose (GN8-Bio) was synthesized and used for the detection of CEBiP in the plasma or microsomal membrane preparations from rice and carrot cells. Binding characteristics of CEBiP analyzed by inhibition studies were in good agreement with the previous results obtained with the use of a radiolabeled ligand. The biotin-tagged CEBiP could be purifi ed by avidin affi nity chromatography and identifi ed by LC-MALDI-MS/MS after tryptic digestion. We also used this method to detect OsFLS2, a rice receptor-like kinase for the perception of the peptide elicitor fl g22 , in membrane preparations from rice cells overexpressing OsFLS2. This work demonstrates the applicability of this method to the purifi cation and identifi cation of plant receptor proteins.
Introduction
Higher plants have the ability to recognize various chemical signals generated by other organisms as well as by themselves through perception by specifi c receptors that are present either on the cell surface or inside the cell. The identifi cation of such receptors is essential to understanding the signaling cascade leading to a specifi c biological response, yet current knowledge on plant receptors is still limited. For example, the Arabidopsis and rice genomes are estimated to contain over 600 and 1200 receptor-like kinase (RLK) genes, respectively ( Shiu et al. 2004 ), but only a handful of them are known for their functions and corresponding ligands.
Recently, several RLKs involved in the perception of microbeassociated molecular pattern (MAMP) elicitors, such as FLS2, EFR and CERK1, were identifi ed and analyzed for their biological function ( Gomez-Gomez and Boller 2000 , Zipfel et al. 2006 , Miya et al. 2007 ). Other RLKs, SR160 and PEPR1, were also identifi ed as the receptors for the endogenous peptide elicitors systemin and At Pep1, respectively ( Scheer and Ryan 2002 , Yamaguchi et al. 2006 ) . Similarly, BRI1 and PSKR1 were identifi ed as the receptors for brassinosteroid and peptide hormones ( Matsubayashi et al. 2002 , Kinoshita et al. 2005 . Receptors without kinase domains have also been reported, such as CEBiP for chitin elicitor ( Kaku et al. 2006 ) . Different strategies have been used to identify such receptor molecules. FLS2 and EFR, for example, were identifi ed by screening mutants for the loss of response to the corresponding elicitor ( Gomez-Gomez and Boller 2000 , Zipfel et al. 2006 ) . On the other hand, PSKR1 and CEBiP were purifi ed by ligand-based affi nity chromatography ( Matsubayashi et al. 2002 , Kaku et al. 2006 ). SR160 and PEPR1 were isolated by affi nity-labeling of proteins ( Scheer and Ryan 2002 , Yamaguchi et al. 2006 ) .
Regardless of the approaches used for the identifi cation of the receptors, it is necessary to analyze their interaction with the corresponding ligands. One of the technical problems often associated with such analyses has been the use of radiolabeled ligands, which requires special facilities and careful handling to avoid potential hazard. Frequently used 125 I-labeled ligands are also unstable and diffi cult to make. Additionally, radiolabeled ligands are useful for the study of receptor-ligand interaction but diffi cult to apply for the purifi cation of the receptor molecule, except to trace a radioactive receptor-ligand complex during the purifi cation process ( Scheer and Ryan 2002 , Yamaguchi et al. 2006 ) .
The use of biotinylated compounds as non-radioactive ligands, especially for affi nity biotinylation, potentially has several advantages for the study of putative receptor molecules. These compounds can be used without the problems associated with radiolabeled ligands and the 'biotin-tagged' receptor molecule can be traced with the commercially available horseradish peroxidase (HRP)-avidin or corresponding antibodies similar to conventional immunochemical analyses. In addition, it should be possible to purify the biotin-tagged receptor molecule by affi nity chromatography by taking advantage of the high affi nity of biotin for avidin. The use of biotinylated ligands for the study of plant receptors has been applied to the analysis of the BRI1-brassinosteroid interaction ( Kinoshita et al. 2005 ) and to the purifi cation of the fusicoccin binding protein ( Korthout et al. 1994 ) . However, there is no report discussing its use for receptor characterization from the analysis of receptor-ligand interaction to the purifi cation and identifi cation of the receptor molecule. In this work, we use the chitin elicitor binding protein CEBiP ( Kaku et al. 2006 ) and an RLK for fl agellin, FLS2 ( Gomez-Gomez and Boller 2000 , Takai et al. 2008 ) as models to demonstrate how biotinylated ligand can be used for a comprehensive analysis of such a receptor.
Results

Preparation of biotinylated N -acetylchitooctaose
A biotinyl group was introduced into N -acetylchitooctaose (GN8) by reductive amination with biocytin hydrazide according to the modifi ed method used for the preparation of the aminophenylethylamine (APEA) conjugate of GN8 ( Fig. 1A ) . The synthesized derivative, biotinylated N -acetylchitooctaose (GN8-Bio) was purifi ed by gel fi ltration and reverse phase chromatography ( Fig. 1B ) . MALDI-TOF/MS analysis of the purifi ed GN8-Bio gave a major ion peak ( m / z = 2035) corresponding to [GN8-Bio + Na] + (data not shown). The yield of the preparation was 0.9 mg GN8-Bio from 5 mg GN8. The purifi ed GN8-Bio showed elicitor activity comparable to that of N -acetylchitoheptaose (GN7), an oligosaccharide that corresponds to the intact sugar moiety of GN8-Bio, in the induction of reactive oxygen generation ( Fig. 1C ). This result indicates that the biotinylation of GN8 at the reducing end did not affect the elicitor activity, similar to the case of APEA/AzPEA (azidophenylethylamine) derivatives that were previously used for binding assay and affi nity labeling ( Ito et al. 1997 ).
Application of the biotinylated ligand for the analysis of receptor-ligand interaction
Affi nity biotinylation with GN8-Bio and a chemical cross-linker, glutaraldehyde or ethylene glycol bis [succinimidyl succinate] (EGS), were used to identify and characterize chitin binding proteins in the membrane fractions from several plant species. Affi nity biotinylation of the membrane proroteins followed by detection with an anti-biotin antibody showed the presence of a binding protein in the microsomal as well as plasma membrane preparations from suspension-cultured rice cells ( Fig. 2A ) . The incorporation of GN8-Bio into the binding protein was completely inhibited with 100-fold excess of GN8, indicating the specifi c nature of the binding. The position of the biotinylated band matched the band of chitin elicitor binding protein CEBiP detected by anti-CEBiP antibody ( Fig. 2B ). In addition, no biotinylated protein was observed in the microsomal preparation from a CEBiP -RNAi line ( Fig. 2C ). These results indicate that the GN8-Bio binding protein was CEBiP ( Fig. 2B-D ) . The biotinylated protein could also be detected by HRP-avidin and ECL reagent (data not shown), though we used the anti-biotin antibody in the present work because of the higher sensitivity and reproducibility. A GN8-Bio binding protein, similar in size to the chitin binding protein of carrot reported previously, was also detected in the membrane preparation from carrot cultured cells ( Fig. 2E ; Okada et al. 2002 ) .
The binding characteristics of GN8-Bio to CEBiP were evaluated by analyzing the concentration dependency of the binding and its inhibition by various oligosaccharides. Specifi c binding of GN8-Bio to the microsomal membrane was dependent on the ligand concentration and saturated within the range 150-300 nM ( Fig. 3A, B ) . The inhibitory potency of the N -acetylchitooligosaccharides for binding was dependent on the size of the oligosaccharides, which is in good agreement with previous results obtained using 125 I-labeled N -acetylchitooctaose derivative ( Fig. 3C ; Shibuya et al. 1996 , Ito et al. 1997 . The binding specifi city also showed good agreement with the elicitor activity of these oligosaccharides on suspension-cultured rice cells for various cellular responses, such as phytoalexin biosynthesis and defense gene expression ( Yamada et al. 1993 , Minami et al. 1996 .
Purifi cation and identifi cation of the biotinylated protein
The biotinylated ligand, GN8-Bio, was also used for the purifi cation of the chitin elicitor binding protein. The binding protein was affi nity biotinylated, captured on a pre-packed column of avidin beads and subsequently released by spin-down elution ( Fig. 4 ) . 3,3 ′ -Dithio bis [sulfosuccinimidyl propionate] (DTSSP), which was shown to be similarly effective to glutaraldehyde as a cross-linker, was used for this experiment because of the cleavability of the link it creates with thiol reagents for elution from the avidin beads. The plasma membrane preparation from suspension-cultured rice cells was affi nity labeled with GN8-Bio and DTSSP, and subsequently solubilized with 0.5% Triton X-100.
The solubilized fraction was applied to the avidin-agarose column and eluted with a buffer containing 0.5% dithiothreitol (DTT), which cleaves the disulfi de linkage between the binding protein and biotinylated ligand and liberates the protein from the avidin beads. The eluted fraction was concentrated by ultrafi ltration and analyzed by SDS-PAGE. A protein band corresponding in size to CEBiP was detected by silver staining ( Fig. 5A ). The purifi ed protein was identifi ed as CEBiP by its reactivity with an anti-CEBiP antibody ( Fig. 5B ). In a control experiment without GN8-Bio, the antibody did not detect any protein ( Fig. 5B ). To further confi rm the identity of the protein and to assess the applicability of the method for the identifi cation of unknown receptor molecules, the purifi ed protein was analyzed by LC-MALDI-MS/MS after tryptic digestion. Four tryptic peptides were identifi ed as CEBiP fragments by search algorithms based on GPS Explorer software and MASCOT ( Fig. 5C ). Coverage of the identifi ed peptides was 19.4% of the CEBiP sequence and the probability score was 384 ( P < 0.05), which was signifi cantly higher than the value for the second candidate, heat shock protein, 101 (score = 25). Probability scores of other candidate proteins were very low (10-18). These results indicated that the present method can be applied to the identifi cation of CEBiP-like molecules obtained from 100 µg of a plasma membrane preparation. Methanol elution profi le (0-50%) of GN8-Bio at a fl ow rate of 0.5 ml/min was monitored by UV absorption at 220 nm. (C) ROS generation induced by GN8-Bio. Reactive oxygen species (ROS) generation was measured at 120 min after treatment with GN8-Bio or GN7 at the concentrations indicated. ROS generation by GN8-Bio was compared with that by GN7 because the latter compound carries the same intact heptaose unit as GN8-Bio. The dotted line is the background level of ROS, which was measured for the rice cells treated with water for 120 min.
A
Application for the identifi cation of RLKs
We also used this method for the identifi cation of RLKs with ligand binding ability. Takai et al. 2008 ) . Affi nity labeling with radiolabeled fl g22 showed that FLS2 binds fl g22 directly. The presence of an FLS2 orthologue in rice, OsFLS2, was also reported. Thus, we tried to detect FLS2/OsFLS2 by affi nity biotinylation. Biotinylated fl g22 was synthesized by adding a biotin at the N-terminus of fl g22, as it was previously shown that the addition of an extra tyrosine at the N-terminus did not affect the biological activity of fl g22 ( Meindl et al. 2000 ) . Affi nity cross-linking with the biotinylated fl g22 and the microsomal membrane preparation from Arabidopsis cultured cells, did not allow the detection of any specifi c biotinylated bands (data not shown). However, when the membrane preparations from transgenic rice cells overexpressing OsFLS2 (OsFLS2ox) were used, detection of a biotinylated band was possible. This band was also detected with an anti-OsFLS2 antibody ( Fig. 6 ). The biotinylated band was not detectable in the presence of excess amount of unlabeled fl g22. In addition, this band was not detected in the membrane preparation from the non-transformed rice cells that were used as a negative control because the expression level of OsFLS2 is low in rice cultured cells ( Takai et al. 2008 ). These results indicated that affi nity labeling with biotinylated ligands can be applied to the study of RLKs, if they are present in amounts suitable for detection and the corresponding ligand can be cross-linked to the RLK successfully.
Discussion
In this study, we demonstrated the usefulness of affi nity crosslinking with biotinylated ligands for the characterization and identifi cation of specifi c receptor molecules. A biotinylated ligand, GN8-Bio, was successfully applied to the detection of the chitin binding protein, CEBiP, in plasma/microsomal membranes from suspension-cultured rice cells ( Fig. 2 ) . Binding characteristics of GN8-Bio to CEBiP showed good agreement with the results obtained previously by the use of radiolabeled ligands and also the elicitor activity of the chitin oligosaccharides. This indicates that biotinylation of the elicitor does not affect its binding properties with its receptor in this case. It is expected that biotinylated ligands can be used similarly for the isolation and characterization of other putative receptors or binding proteins.
The fact that biotinylation of GN8 at the reducing end did not affect its biological activity coincided well with the previous observation for the synthesis of 125 I-labeled GN8 derivative, where derivatization of GN8 at the reducing end also did not affect its elicitor activity ( Ito et al. 1997 ) . A reducing end sugar residue was also used for the synthesis of radiolabeled hepta-β -glucoside for the study of glucan elicitor binding proteins in leguminous plants ( Cheong and Hahn 1991 ) , indicating the possible use of this portion for the synthesis of various oligosaccharide derivatives for receptor study.
While ligand-based affi nity chromatography is a very effective technique in the purifi cation of receptor proteins, the affi nity purifi cation of receptors based on the avidin-biotin interaction has several advantages. In the case of a purifi cation scheme based on the interaction of the biotin-tagged receptor and immobilized avidin, the receptor molecule does not need to remain active after affi nity biotinylation. Also, the fact that the affi nity of the avidin-biotin interaction is higher than the affi nities of most ligand-receptor interactions and avidin itself is a very stable protein makes it possible to use very harsh conditions to remove non-specifi cally bound proteins from the affi nity matrix. These situations are very different from the traditional ligand-based affi nity purifi cation of corresponding receptors, in which the solubilization conditions of the membrane fractions should be carefully determined to get active binding protein and the whole purifi cation steps should be performed under conditions that prevent the inactivation of the receptor molecule. For example, in the previous purifi cation of CEBiP from rice plasma membrane, approximately 70% of the binding activity was lost at the solubilization step, even with the best combination of detergent and solubilization conditions ( Kaku et al. 2006 ). In addition, complex combination of affi nity columns consisting of a main column with immobilized chitin oligosaccharide and 'dummy' columns to prevent the contamination of non-specifi cally adsorbing proteins were required for purifi cation of the receptor. In contrast, in the present study the biotin-tagged proteins were solubilized with a simple detergent solution at room temperature, adsorbed to the avidin beads and eluted by splitting the cross-linkage between the ligand, GN8-Bio, and the tagged protein with DTT. This one-step purifi cation yielded CEBiP preparation suitable for further characterization ( Figs. 4 , 5 ) .
The question was whether the protein obtained by this purifi cation scheme is suitable for structural characterization by mass-spectrometry, because several amino acid residues of the protein are modifi ed by cross-linking with DTSSP, even after the cleavage of cross-linkage with DTT. However, our analysis indicated that unmodifi ed peptides, suitable for massspectrometric identifi cation, were generated by tryptic digestion of the DTSSP-treated protein. Three out of four tryptic peptides obtained from the purifi ed CEBiP were not modifi ed by DTSSP. The modifi ed peptide was detected as a mixture of both modifi ed and unmodifi ed forms. Such DTSSP-modifi ed peptides should also provide structural information useful for the identifi cation of target proteins with the use of a program for the identifi cation of the modifi ed peptides.
We also demonstrated that the method is applicable to the analysis of RLKs such as FLS2. Affi nity labeling with biotinylated fl g22, which could be synthesized easily, detected the presence of OsFLS2 in the membrane preparation of transgenic cells that overexpress OsFLS2, but it was not possible to detect it in the membrane preparation of wild type Arabidopsis thaliana . This indicates that the approach is applicable for the analysis of this group of receptor molecules but we need to improve the sensitivity of immunological detection for the analysis of less-abundant RLKs. In the case of Arabidopsis CERK1, a RLK essential for chitin elicitor signaling, we previously reported that affi nity labeling with GN8-Bio and Arabidopsis membrane preparations did not detect any band that binds specifi cally to chitin oligosaccharides ( Miya et al. 2007 ). This work confi rms our previous interpretation of these experiments, i.e. CERK1 might not bind chitin oligosaccharides or the amount of protein is not suffi cient to be detected.
Affi nity labeling with biotinylated ligands has several advantages compared with traditional binding assays; however, it should be noted that the success of this approach depends on the effectiveness of the cross-linking reactions, which is determined by the topological arrangement of the biotinylated ligand and reactive amino acid residues as well as the size and shape of the cross-linking agent. The affi nity of the ligand should also be high enough to ensure specifi c labeling. With respect to the choice of cross-linkers, glutaraldehyde, DTSSP, DSP and EGS could be used for affi nity biotinylation of CEBiP with similar effi cacy.
The work described here helps in designing a strategy for the identifi cation and characterization of the receptor for a ligand of interest. The ligand-based receptor fi shing strategy described here appears to be complementary to the recently proposed immobilized receptor-based strategy for ligand fi shing ( Shinohara and Matsubayashi 2007 ) and is expected to contribute to the study of plant receptor function in the post-genome sequencing era.
Material and Methods
SDS-PAGE and Western blotting
SDS-PAGE was carried out on 7.5% or 10% gels according to the method of Laemmli ( Laemmli 1970 ) . Western blotting was performed with an Immun-Blot polyvinylidene difl uoride (PVDF) membrane (Bio-Rad Laboratories, Hercules, CA, USA) and a semi-dry blotting apparatus (Bio-Rad) according to the manufacture's protocol. Detection of biotinylated proteins was performed by using a rabbit antibody against biotin (Rockland, Gilbertsville, PA, USA) as a primary antibody and a horseradish peroxidase-conjugated goat anti-rabbit IgG (Chemicon International, Inc., Temecula, CA, USA) as a secondary antibody. Detection of biotinylated proteins was also performed using avidin-HRP (Pierce, Rockford, IL, USA). For the detection of CEBiP and OsFLS2, the proteins transferred to the PVDF membrane were detected with antisera against CEBiP ( Kaku et al. 2006 ) and OsFLS2 ( Takai et al. 2008 ) , respectively, and a horseradish peroxidase-conjugated goat anti-rabbit IgG was used as secondary antibody. After treatment with the antibodies, the target proteins were detected by chemiluminescence with the Immobilon Western Detection reagents (Millipore Corporation, Billerica, MA, USA). Silver staining was performed using EzStain Silver (Atto, Tokyo, Japan) according to the manufacturer's protocol.
MALDI-TOF/MS analysis of GN8-Bio
GN8-Bio was analyzed by MALDI-TOF/MS (Voyager-DE PRO; Applied Biosystems, Foster City, CA, USA) operated with an acceleration energy of 20 kV under positive-ion detection mode. Samples for MS analysis were prepared according to the method described previously ( Shinya et al. 2006 ) using 2,5-dihydroxybenzonic acid (2,5-DHBA, 20 µg/ml in 60% acetonitrile) as a matrix.
Synthesis of biotinylated ligand
GN8-Bio ( Fig. 1A ) , the conjugate of biocytin hydrazide and N -acetylchitooctaose, was prepared by reductive amination as follows: 5 mg of N -acetylchitooctaose was dissolved in 5 ml of H 2 O, 25 mg of biocytin hydrazide, and 6.25 mg of NaCNBH 3 were added to the mixture, which was heated at 80 ° C for 1 h on a heating block and and left overnight at room temperature. The reaction mixture was lyophilized and then washed several times with water by centrifugation (12 000 rpm, 5 min) until GN8-Bio became not detectable by MALDI-TOF/MS in the supernatants. The supernatant fractions containing GN8-Bio were collected and lyophilized. The lyophilized product was dissolved in water, applied to a 1.0 × 18.5 cm Bio Gel P-2 gel fi ltration column (Bio-Rad), equilibrated and eluted with water to remove low molecular weight reagents. The elution was monitored by UV absorption of N -acetylchitooligosaccharide at 220 nm. The product was further purifi ed by HPLC using an Inertial ODS-3 column (4.6 × 250 mm; GL Sciences Inc., Tokyo, Japan). The column was eluted with a linear gradient of 0-50% methanol in 40 min at a fl ow rate of 0.5 ml/min. The peak fractions were analyzed by MALDI-TOF/MS. Flg22 derivative biotinylated at the N-terminal residue was synthesized at Shimadzu Biotech (Kyoto, Japan).
Affi nity biotinylation
Binding experiments were performed according to the modifi ed protocol of affi nity labeling with the 125 I-labeled ligand ( Ito et al. 1997 ) . Briefl y, plasma or microsomal membrane fraction was mixed with biotinylated ligand in the presence/ absence of unlabeled ligand in the presence of binding buffer. After incubation for 1 h on ice, 1/10 volume of cross-linker (2.5% glutaraldehyde, 3.0% DTSSP or 3.0% EGS solution) was added to the mixture and left to stand for 30 min. After the reaction was stopped by the addition of 1 M Tris-HCl, proteins were concentrated by ethanol precipitation with trypsin inhibitor (50 µg) as a carrier. In some experiments, the ethanol precipitation step was omitted. The precipitate, or the solution without ethanol precipitation, was mixed with SDS-PAGE sample buffer, boiled for 5 min and directly used for SDS-PAGE. In the case of carrot cells, the membrane-GN8-Bio mixture was ultracentrifuged for 1 h (100 000 g ) before glutaraldehyde treatment to ensure the removal of excess ligand. The detailed conditions of each affi nity biotinylation experiment are described in Supplementary data.
Purifi cation of the biotinylated protein by avidin bead trapping
Plasma membrane (100 µg protein) from the cultured rice cells was mixed with GN8-Bio (7.2 µg) and cross-linked by adding 1/10 volume of 3% DTSSP for 30 min. The membrane proteins were solubilized by treatment with 0.5% Triton X-100 for 30 min at room temperature. The solubilized proteins were applied to a Streptavidin HP SpinTrap column (GE Healthcare UK Ltd, Little Chalfont, UK) in the presence of 0.4 M guanidine-HCl and allowed to stand for 120 min at room temperature. After extensive washing with 0.5% Triton X-100/0.4 M guanidineHCl, the gel was mixed with 0.5% Triton X-100 containing 0.5% DTT and 0.4 M guanidine-HCl and heated at 40 ° C for 1 h. The eluate was desalted and concentrated with an ultrafi ltration apparatus (Microcon, Millipore Corporation) of mol. wt 10 000 cut-off.
Identifi cation of the chitin binding protein by LC-MALDI-MS/MS analysis
